Changes in acyl lipids and pigments during leaf development in a virescens barley mutant (M) and the normal (N) were studied. Apical 3-cm leaf segments were extracted with chloroform-methanol, the extracts were purified on Sephadex G-25 columns, and the polar Upids were separated on two-dimensional-thin layer chromatography silica gel plates. The pigment reining on the Sephadex column was identified as flavonoids and a zone on the TLC plates which did not correspond to the usual standards was identified as gramine. Quantification of acyl lipids by either polar head group analysis or fatty acid analysis using heptadecanoate as an internal standard gave similar results. The per cent of the total lipid extract quanted for the M between 4 and 8 days ranged from 46 to 65% and that for the N ranged from 60 to 68%. Of these, acyl lipids represented 37 to 48% in the M and 43 to 50% in the N. By 8 days, mono-and digalactosyldiglyceride (MG and DG) accounted for 45 and 25% of the total acyl lipid of both the M and N. For the period of study here, this represented a 4-fold increase in MG and a 2.5-fold increase in DG in the M but only a 1.8-fold increase for MG and DG in the N. These increases were closely correlated with the increases in chlorophyll. Chlorophyli increased sharply between 4 and 6 days for the N, whereas, in the M, it rose from 7 to 50% relative to the normal by 8 days. The proportions of the various fatty acids were unique for the lipld classes. The only major quantitative change for a fatty acid was for hexadecanoate in phosphatidylglycerol which increased from 5% at 4 days to 25 to 30% by 8 days. Relative to the N, the carotenoid content of the M increased from 14 to 50% between 4 and 8 days. In both the M and N, the increase in a8-carotene and chlorophyll were closely correlated.
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Chloroplast thylakoid membranes contain a unique lipid composition which is ubiquitous to higher plants and differs considerably from that of other cellular membranes. The individual lipid classes have been studied extensively and include the pigments and the major acyl lipids which represent approximately 25 and 50%Yo, respectively, of the total chloroplast lipid (34) . The acyl lipid fraction is comprised predominately of the galactolipids MG2 and DG, which account for 40 to 45% of the total lipid, and has a restricted phospholipid composition (34) . The chloroplast acyl lipids also contain very high levels of polyunsaturated fatty acids, which are concentrated primarily in the major galactolipids, and levulinic acid; DG, digalactosyldiglyceride; LHC a/b, light-harvesting chlorophyll a/b; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; SL, sulfolipid; 2D TLC, two-dimensional thin-layer chromatography.
an unique fatty acid, trans-3-hexadecanoic acid, which is found specifically in photosynthetic tissue and is esterified primarily to PG (20) . This specialized acyl lipid composition has led to the suggestion that lipids play a vital role in photosynthesis.
The chloroplast is very active in cellular lipid biosynthesis; the complete biosynthetic pathway from 5-ALA to Chl (8) and the synthesis of carotenoids occur within the plastid (18) . Also, the plastid has been suggested to be the major, if not the sole, site of cellular de novo fatty acid biosynthesis (36) . The full assembly of the complex chloroplast acyl lipids, however, appears to require enzyme systems associated with both the plastid and the cytoplasm (17, 46) . Studies using inhibitors specific for cytoplasmic ribosomes indicated the formation of 5-ALA (26) and the fatty acid desaturase enzyme activity (35) are dependent upon protein synthesis by the cytoplasmic ribosomes. Nuclear mutations controlling the steps between protophorphyrin IX and protochlorophyllide (51) and the desaturation and cyclization enzymes in carotenoid biosynthesis (10) indicate nuclear control over major portions of the pigment biosynthetic pathways. Likewise, genetic studies undertaken to modify the fatty acid composition in seed oils indicated nuclear control of elongase and desaturase enzymes (12) . A nuclear mutant has been described in the control of MG biosynthesis in greening barley seedlings (52) and for MG and DG levels in wheat endosperm (21) .
We present here a detailed leaf acyl lipid and pigment analysis of Gateway barley and its virescens mutant during the initial stages of chloroplast development. The virescens mutation was previously shown to be due to a single recessive nuclear gene which is partially self-correcting (45) . Analysis of leaf ultrastructure (24) , lamellar proteins (24) , and photoreductive activities (22) showed a general time-lag in plastid development of the mutant. This time-lag in its development makes it a useful alternate system of study to those which have examined the greening of etioplasts and "static" mutations during the development of the chloroplast structure and function. In addition, because the chloroplast has a very active role in cellular lipid metabolism, these studies are of interest in elucidating the respective roles of the chloroplast and cytoplasm in lipid metabolism as well as in the further characterization of the virescens mutant.
MATERIALS AND METHODS
Plant Material. Barley (Hordeum vulgare cv. Gateway) and its Chl-deficient mutant which has previously been described were used here. Seeds of Gateway and the mutant were surface-sterilized with 5% NaOCl and grown in vermiculite. The two lines were grown simultaneously under continuous light at 90 t&E/m2. 2D TLC on glass plates (20 x 20 cm) coated with a 250-,um layer of Silica Gel HR (Merck) using the solvent system outlined by Allen and Good (1). A 200-p1 aliquot of the total lipid extract, containing 0.7 to 1 mg, was applied under a nitrogen atmosphere.
Identification of Phospholipids, Glycolipids, and Gramine. All lipid areas were outlined by spraying the plate lightly with 50%o
H2SO4 and charring in an oven at 180 C for 15 min. Authentic samples, fatty acid analysis, IR spectral analysis, specific color tests, and comparisons to the migration patterns shown in published chromatograms were used to identify lipid classes and individual lipid spots. Lipid Quantification. Quantification of the lipid from the normal and mutant seedlings was based on their fatty acid content using heptadecanoic acid as an internal fatty acid standard (1).
The lipids were also quantified on the basis of their sugar (39) and phosphorus (6) content in some instances.
Lipid areas were detected by spraying the plates with Rhodamine 6G (Allied Chemical) and viewing immediately under shortwave UV. Esterification was achieved by adding 5 ml 5% H2SO4 in methanol and the internal standard to 15-ml screw-capped (with Teflon liners) test tubes containing the sample plus absorbent. Following heating for 2 h at 70 C, the contents were allowed to cool and then diluted with 5 ml water, and the methyl esters were extracted with three washings of hexane. Amnon (3) . The revised coefficients of Jeffery et al. (23) were used to quantify the Chi separated by TLC.
Nitrogen Analysis. The nitrogen content of the pigment-free residue was determined using a micro Kjeldahl digest and the ammonia was quantified by the phenol-hypochlorite procedure (32).
Gramine Analysis. Standards and sample were located on the TLC plates by spraying lightly with the xanthydrol solution (0.1% xanthydrol in 95% ethanol and 5% concentrated HCI). The Silica Gel HR was extracted with two successive 2-ml portions of 6 N HCI. To the pooled supernatants, 1 ml xanthydrol reagent was added and gramine was estimated as described by Moore et al. (33) .
Samples for IR spectral analysis of gramine were isolated from both normal and mutant barley leaves using the method of Schneider et al. (42) . The gramine fraction was subjected to the 2D TLC system, as outlined for lipid separations, except isopropylamine was not included in the second solvent system. The gramine area was visualized by exposure to iodine vapor and eluted from silica gel with chloroform:methanol (1:1; v/v) concentrated to dryness and resolubilized in a small volume of carbon tetrachloride. The IR spectrum was determined with a Perkin Elmer 421 grating spectrophotometer.
Analysis of Pigment Remaining on Sephadex Column. Pigments remaining on the G-25 column were completely eluted with 25 ml of distilled H20. The eluent was concentrated by freeze-drying and redissolved in a small volume of water. Aliquots were applied to Silica Gel HR TLC plates and screened according to the procedures outlined by Egger (14) . Separations were obtained with the solvent system, ethyl acetate: butanone: formic acid: H20 (50:30:10:10, v/v) developed for strongly polar plant phenolic derivatives, including flavone-glycosides and anthocyanidins.
The extract was further studied by one (14)-and two-dimensional paper chromatography (31), as well as by visible and UV spectral analysis.
Carotenoid Estimation. All procedures were carried out under dim light. The barley leaf segments were initially extracted with 80o acetone; however, a reddish pigment remained in the residue. Further extraction of the residue with chloroform:methanol (2:1, v/v), followed by 2D TLC and visible spectral analysis, showed the pigment consisted mainly of ,8-carotene. Traces of Chl were also evident. Therefore, samples for quantitative carotenoid determinations were initially extracted with chloroform:methanol (2:1, v/v), concentrated to dryness under nitrogen and resuspended in 80%1o acetone. The carotenoids were purified and quantified essentially by the procedures outlined by Jeffrey et al. (23) . Good separations were obtained with up to 5 ,ug total pigment applied to each TLC plate. RESULTS Lipid Extractions. The three frequently used procedures for the extraction and purification of lipids (7, 15, 53) were compared. Although similar total lipid estimates were obtained by all three, the Williams and Meerles method (53) was chosen because the Sephadex method was preferable to the phase separation procedures.
Flavonoids. Analysis of the water-soluble pigments which remained on the Sephadex column, after lipid extraction, by one (14)-and two-dimensional paper chromatography (31) and spectral scans of the eluted zones (25) revealed that the pigments were flavones and flavonols and were not lipid breakdown products.
Gramine. An outline of the total leaf lipids separated by 2D TLC is shown in Figure 1 . The area identified as gramine has not been, to our knowledge, identified in leaf lipid studies. Charring with 50Yo H2SO4 readily outlined all areas as shown in Figure 1 except gramine, which developed a rose color upon standing overnight. The gramine area was readily outlined with iodine vapors and was visible as a dull reddish color on plates sprayed with Rhodamine 6G and viewed under UV. The gramine band was not detected using identical extraction procedures with spinach leaves (data not shown) and with rye seedlings (47) . This suggests its occurrence is specific to barley and not due to technique. The unknown co-chromatographed with authentic gramine (K&K Laboratories) and also with the gramine fraction prepared from barley leaves according to the procedure of Schneider et al. (42) . The gramine area also gave a positive reaction with Van Urk reagent spray for indoles. The IR spectrum of both authentic gramine and the unknown were similar. This evidence suggests the unknown is gramine or a closely related indole compound.
Recovery of authentic gramine from the Sephadex G-25 column was estimated at 95%, suggesting that the leaf gramine content could be quantified from the chloroform-methanol extract. As shown in Table I , the gramine content of the mutant was approximately two-thirds that of the normal and increased in both seedling types as the leaves matured.
Lipid Identification. The areas outlined in Figure I are representative of both mutant and normal seedlings at the growth stages analyzed. PI, PC, PE, and PG gave the characteristic blue color specific for phospholipids when sprayed with molybdenum blue reagent, PE developed the red-violet color characteristic of free amino groups when sprayed with ninhydrin, and PC gave the orange color characteristic of choline when sprayed with Dragendorffs reagent (44 (29, 34) and the 2D TLC separation patterns were similar to those reported for spinach by Allen and Good (1) except for the presence of gramine.
Lipid Quantification. Quantification of the acyl lipid constituents by analysis of either the polar-head groups or fatty acid moieties using heptadecanoic acid as the internal standard gave results that were generally in close agreement (Table II) . These results suggest minimal co-migration of phospholipid and galactolipid classes and show good agreement for the two methods. Recovery of lipids from the TLC plates estimated by phosphorus analysis ranged from 77 to 86% for four determinations.
Changes in Lipid Constituents. The protein content of the residue insoluble in lipid solvents and the total lipid content of leaf segments harvested at 4, 6, and 8 days is shown in Figure 2 . The normal contained consistently more lipid and protein over the growth stages. Increases were evident in the mutant throughout the growing period; however, for the normal, the increases were most marked between 4 and 6 days. The lipid content of the mutant averaged 67% of the normal.
Chl accumulation showed a sharp increase in the normal between 4 and 6 days with a leveling off by 8 days. The increase in the mutant was most pronounced between 6 and 8 days (Fig. 3) .
The Chl content of the mutant increased from 7 to 50%o relative to the normal.
Marked increases in the major chloroplast acyl lipids, MG, and DG (Fig. 4) , also occurred at the growth stages where Chl accumulation was most pronounced. These data represent a different experiment than those in Table II and show a larger increase in the major galactolipids; however, similar trends were evident in the two experiments. The MG:DG ratio was 1.6, 1.8, and 1.6 at 4, 6, and 8 days for the normal and 1.2, 1.6, and 1.9, respectively, for the mutant. The minor chloroplast lipids PG and SL showed a slight increase or little change with increasing age. The major lipids of the nonchloroplast membranes, PC and PE, (34) decreased throughout the development period. The decrease was most evident for PC (Fig. 4) . The mutant contains proportionally more of the major acyl lipids of the nonchloroplast membranes, PE and PC, at 4 days (Fig. 5) . However, in both plant types, the major galactolipids MG and DG accounted for approximately 45 and 25%, respectively, of the total acyl lipids by 8 days (Fig. 5) .
The adjacent leaf segments between 3 and 6 cm from the apical tip (Fig. 6) (Fig. 7) . DG was also highly unsaturated, with 18:3 representing close to 80%1o (Fig. 8) . A distinguishing feature between the two galactolipids was the higher percentage of palmitic acid (16:0) in the DG, representing close to 18%, whereas, in MG, 16 :0 was present in only trace amounts. Palmitic and linolenic were the major acyl moieties of sulfolipid representing 35 and 60%o, respectively (Fig. 9 ). Trans-3-hexadecanoic acid was unique to PG, initially representing approximately 5% in both plant types at 4 days and increasing to 25 to 30%o by 8 days (Fig. 10) (Figs. 12 and 13) , except for PC of the normal at 8 days, in which case 18:3 became the major constituent at 38% (Fig. 12) . Linolenic acid otherwise comprised 25 (Fig. 14) . This represents 40 and 50%, respectively, of the total carotenoids (Table III) Table III ). The lutein and neoxanthin content of the mutant was about 25 and 50%o, respectively, ofthe levels reached in the normal. However, the ratio of carotenoids to total Chl, which was initially higher in the mutant at 25%, was similar for both plant types by 6 days, representing 10%o of the total Chl (Table III) . The Chl al b ratio also declined in the mutant during the 4-to 6-day interval, approaching the value of 3 which is comparable to that of the normal (Table III) .
DISCUSSION
Since the Chi, lipid and protein content varied considerably during the developmental study (Figs. 2 and 3 ) and the leaves of the mutant and normal seedlings were similar in dimension and fresh weight per leaf, the comparison data were presented on a fresh weight basis.
The marked variation in the acyl lipids and pigments in correlation with the changes in leaf ultrastructure, lamellar proteins (24) , and photoreductive activities (22) indicate the major cellular process during the developmental study was the formation of the massive chloroplast internal membrane network. The changes were most marked for the mutant, although a developmental sequence was also evident in the normal between 4 and 6 days. Cellular fractionation studies have shown the unique chloroplast lipid composition (19) and plastid fractionation studies have revealed further differences between the envelope and the internal lamellar membrane (11, 37) . The increased galactolipid content and corresponding decline in the major phospholipids, PC and PE (Figs. 4 and 5) likely reflects an increased chloroplast membrane biosynthesis relative to other cellular membranes. Others have reported similar fmdings with greening etiolated leaves (5, 40, 43, 50) . The 4-and 2.5-fold increase in MG and DG, respectively, in the mutant (Figs. 4 and 5) exceeds the increases reported for greening etiolated tissue and is comparable to the increases reported by Leech et al. (29) in sampling leaf segments of young corn leaves. The photoreductive activities of the normal expressed on a lamellar protein basis declined between 4 and 6 days (22), during which interval a considerable increase in Chl and a 1.8-fold increase in both MG and DG was evident (Fig. 4) . This may indicate that chloroplast membrane growth is still occurring in the normal between 4 and 6 days. The decline in activities on a (5, 40, 50) and developing leaf segments (29) . Any increases in the PG and SL content are likely masked by the massive changes in the other cellular constituents during chloroplast development inasmuch as PG and SL each contribute only about 5% of the total chloroplast membrane lipids (34) . Increases, however, were detected in studies on isolated plastids (30, 43) .
Although the individual acyl lipids all contained the same qualitative fatty-acid composition, except for hexadecanoic acid in PG (Figs. 10 and I 1) , the amounts of the individual fatty acids were unique to the lipid classes (Figs. 7-13 ). The findings here are in close agreement with those obtained for wheat and barley (5, 43) and show a higher level of unsaturation in PG and SL than that found in maize, bean, and pea (29, 40, 50) . Very little change in fatty acid composition except for PG occurred over the period of the study presented here and in other studies on greening etiolated leaves. However, Leech et al. (29) , on sampling successive sections of developing maize leaves, found a marked increase in unsaturation during plastid maturation. Trans-3-hexadecanoic acid increased markedly in both mutant and normal between 4 and 8 days (Figs. 10 and 1 1) and was specifically associated with PG. This is in agreement with other reports (20) . Although the exact role of this unique fatty acid is not known, it is found specifically in photosynthetic tissue, but it is uncertain whether it is essential for photosynthetic activity and grana stacking (9, 13, 40) .
The same major carotenoids, fl-carotene, lutein, violaxanthin, and neoxanthin, have been found to be ubiquitous to all green tissue of higher plants and are suggested to be located exclusively in the chloroplast (18) . The deficiency of the mutant was again evident, and the total carotenoid content increased from 14 to 50%, relative to the normal during the period of analysis. (Table III) likely reflects the increased concentration of carotenoids in the chloroplast lamella relative to the envelope. Chloroplast envelopes have been shown to be enriched in xanthophylls relative to fl-carotene (11, 23) . The increased xanthophyll content in the mutant between 5 and 8 days (Fig. 14) probably reflects the formation of the LHC a/b complex because the complex has been shown to contain all the carotenoids (49) . During this growth period, there was also a decrease in the Chl a/b ratio (Table III) which is used as a marker for the formation of the LHC a/b complex (4). Recent proposals on the organization of carotenoids within chloroplast membranes suggest that they occur either as pigment protein complexes (2, 27) or within the lipid bilayer (38) . In our study, the incomplete extraction of f-carotene with 80%o acetone and its complete removal with chloroform:methanol suggest that at least a fraction of the f-carotene is in close association with protein in vivo.
In summary, acyl lipid and pigment compositional studies corroborate the previous findings that the virescens mutant displays a general lag in chloroplast development. A previous study suggested the initial pigment deficiency of the virescens barley was not the result of a blockage in the biosynthetic pathway of Chl because the addition of 5-ALA increased the Chl content to the same extent in both the normal and the mutant (41) . Low Chl content which is not due to a blockage in Chl synthesis is common to many pigment-deficient mutants. The deficiency is suggested to be one of several pleiotropic responses resulting from the failure to make a specific gene product that is required for normal chloroplast formation (16, 24) . Although one may speculate as to the cause of the lower chloroplast acyl lipid and pigment content -T
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Plant Physiol. Vol. 67, 1981 654 THOMSON in the mutant, the results perhaps best reflect a close coordination of the synthesis of macromolecules during plastid development. Moreover, the results provide further evidence that lipid components other than pigments, play an active role in the assembly of the photosynthetic mechanism.
In the succeeding paper (48) , studies on acetyl-CoA carboxylase activity in developing leaves and isolated chloroplasts of the two plant types are presented.
